The physical basis of two-state-like folding transitions and the tremendous diversity in folding rates is elucidated by directly simulating the folding kinetics of 52 representative proteins. Relative to the results from a common modeling approach, the diversity of the simulated folding rates can be increased from ∼ 10 2.1 to the experimental ∼ 10 6.0 by a modest decrease in the spatial range of the attractive potential. The required theoretical range is consistent with desolvation physics and is notably much more permissive than that needed for two-state-like homopolymer collapse. Protein folding is a fundamental process at the interface between physics and biology but its energetics is far from being fully understood. In this regard, the collective study of many small single-domain proteins as a paradigmatic system has provided crucial insights [1] . One of the remarkable experimental properties of these proteins with 40 and 100 amino acids is that they can fold at vastly different rates that span ∼6 orders of magnitude or more. The discovery [2] of a striking correlation between native topology and these diverse rates [3] suggested strongly that important principles of protein folding can be revealed by using this experimental behavior as a stringent criterion for evaluating theory [4] .
Protein folding is a fundamental process at the interface between physics and biology but its energetics is far from being fully understood. In this regard, the collective study of many small single-domain proteins as a paradigmatic system has provided crucial insights [1] . One of the remarkable experimental properties of these proteins with 40 and 100 amino acids is that they can fold at vastly different rates that span ∼6 orders of magnitude or more. The discovery [2] of a striking correlation between native topology and these diverse rates [3] suggested strongly that important principles of protein folding can be revealed by using this experimental behavior as a stringent criterion for evaluating theory [4] .
However, providing a rigorus physical basis for the experimental trend turned out to be a nontrivial task. Although folding-rate diversity has been addressed by theories that invoked analytical approximations in lieu of an explicit representation of the protein chains [5] , the first attempt to rationalize folding rate diversity by using explicit-chain models resulted in simulated rates that were much less diverse than the experimental rates [6] . Prompted by this mismatch between theory and experiment, subsequent theoretical investigations uncovered that the immense diversity in folding rates is intimately related to the cooperative, two-state-like nature of the folding transitions of single-domain proteins [7, 8] , and that folding cooperativity can be enhanced by many-body effects [9] such as local-nonlocal coupling [8] . Model studies further indicated that elementary free energy barriers arising from the desolvation process can render the formation of the protein core more akin to an all-or-none process [10] , leading to a large diversity in folding rates comparable to that observed experimentally [11, 12] .
Because desolvation barriers in aqueous potentials of mean force typically entail narrow spatial ranges of attraction, the aforementioned findings led us to propose a simple general organizing principle, namely that a high degree of folding cooperativity and folding-rate diversity are underpinned by generic short-range intrachain interactions. In this Brief Report, we take a first step to assess this hypothesis by asking how folding rates simulated by native-centric Gō-like coarse-grained C α protein chain models [12] [13] [14] are affected by the assumed spatial range of the favorable interactions. The models were constructed according to Ref. [15] with the same parameters for the potential energies and Langevin dynamics except that we now compare different functional forms for the nonbonded native-centric potential.
Recent advances in molecular dynamics simulations, especially through the development of special-purpose machines, have made it possible to directly simulate the folding kinetics of a number of fast-folding proteins using a general transferrable atomic potential [16] . (A summary of folding rates determined by earlier all-atom simulations is provided in Fig. 3 of Ref. [12] .) However, even with the tremendous improvements in hardware and software witnessed during the past few years, currently it is not possible to use all-atom molecular dynamics to simulate the slower folding rates among the aforementioned span of ∼6 orders of magnitude in experimental folding rates. Therefore, to make progress in understanding this intriguing phenomenon, we resort to using highly coarse-grained native-centric models. These models have proven to be useful for exploring general principles of folding [12, 17] , though they do not consider favorable nonnative interactions that can be present in real proteins [18] . In applying these models with their obvious limitations, our goal is to learn how various model interaction schemes affect the trend of folding-rate diversity rather than to predict individual folding rates accurately. After all, consistency in detailed predictions is not always possible even among different all-atom potentials [19] .
In the following discussion, the model with the original, well-studied form of the native-centric potential [6, 14, 15] is referred to as the long-range interaction model (LRIM), wherein the nonbonded energy term for a pair of amino acid residues that are in contact in the native structure in the Protein Data Bank (PDB) is given by a 12-10 Lennard-Jones (LJ) potential,
044701-1 1539-3755/2013/88(4)/044701 (5) ©2013 American Physical Society where r ij is the distance between amino acids i and j , r 0 ij stands for the corresponding distance in the PDB structure, and (> 0) sets the energy scale. The total nonbonded native interaction energy U nb LRIM of a conformation is then given by the summation native i<j −3 U LJ ij over native pairs i < j − 3 [15] . A pair of residues are defined here to be in the native contact set if at least two nonhydrogen atoms, one from each residue, are < 4.5Å apart [20] , or if the residues' C α atoms are < 6.4Å apart in the PDB structure. The latter criterion followed from our finding of a clear separation in the distribution of C α − C α distances at around 6.2 to 6.4Å among 5 610 different PDB structures.
We compared the behavior of the LRIM model with a new short-range interaction model (SRIM) and a modified SRIM [ Fig. 1(a) ]. In the SRIM, the LJ terms in the total nonbonded native interaction energy U nb SRIM are shifted up to assume zero value at r ij = 1.2r 0 ij :
where
40825 is a constant shifting parameter. In the modified SRIM, the nonbonded term is rescaled to (U LJ ij + · ω)/(1 − ω) to yield a minimum value of − as in the LRIM such that the relative strengths of local and nonbonded interactions in the original LRIM are maintained.
Figure 1(b) shows that the attractive range of SRIM or modified SRIM for a typical r 0 ij ≈ 6.4Å is comparable to that of the native-centric desolvation-barrier (db) potential [10, 11, 15] because (0.2) · 6.4Å ≈ 1.3Å ≈ 1.4Å ≈ radius of a water molecule. This range is much wider, however, than the extremely short attractive range of (0.05) · 6.4Å≈ 0.3Å (i.e., λ = 1.05) needed for a short-range square-well (SRSW) homopolymer model with a minimum intermonomer distance σ = 6.4Å to undergo two-state coil-globule transition [21] .
We applied the LRIM and SRIM models to a set of 52 proteins that cover a broad spectrum of structures consisting of 15 all-α, 18 all-β, and 19 α + β proteins, with experimental folding rates covering 5.96 orders of magnitude (Table I) . As in previous works [6, 14, 15, 20] , we use fractional native contact Q as a progress variable [22] . Using the free-energy profile defined by Q, the transition midpoint for each model protein is determined as the temperature T m at which the free energies for the denatured and native minima are equal. In an overwhelming majority of cases, the T m defined in this manner is virtually identical to the temperature of the heat capacity peak. Model folding rates depend on the simulation temperature [15, 20] . As in previous comparative studies of native-centric model folding rates [6, 11, 20, 23] , each folding rate in this study is simulated near the T m for the given model protein. Midpoint folding rate is very well correlated with the free-energy barrier at the heat capacity peak, and thus is a good measure of folding cooperativity of a model protein [11, 23] . The choice of using simulated midpoint folding rates to compare against experimental folding rates, such as those in Table I , that were largely obtained near room temperature with zero denaturant is necessitated by LRIM's insufficient folding cooperativity under strongly folding conditions [23] . In essence, this approach [6, 11, 20, 23] entails an assumption that the logarithmic range spanned by experimental rates under strongly folding conditions are representative of that spanned by experimental midpoint folding rates, even though midpoint folding rates are not available experimentally for many of the proteins being studied. In the present study, all rates are determined by direct, brute-force simulations of trajectories initiated at Q < 0.1 and terminated when Q > 0.95. Our directly simulated folding rates are computed without using any bias potential [11] or analytical rescaling [20] (see discussion in the caption for Fig. 3 in Ref. [12] ).
Inasmuch as the model and experimental folding rates are related by a universal scaling factor, as we have assumed, the ranges of logarithmic model and experimental rates can be compared without regard to the value of that scaling factor. Figure 2 shows that the LRIM folding rates span only 2.13 orders of magnitude [ Fig. 2(b) ], falling far short of the experimental range, as has been shown for a more limited set of proteins [11] . In contrast, the SRIM folding rates are much more diverse, spanning 4.80 orders of magnitude [ Fig. 2(a) ]. Because the relative strengths of local versus nonbonded interactions can affect folding cooperativity [55] and thus folding-rate diversity [7, 8] , we considered also folding rates in the modified SRIM. The correlation in the inset of Fig. 2(a) between SRIM and modified-SRIM logarithmic folding rates for a subset of 15 proteins suggests that the modified SRIM folding rates for the full set of 52 proteins would span ≈ 1.2107 × 4.80 = 5.81 orders of magnitude, which is very similar to the 5.96 orders of magnitude spanned by the experimental folding rates.
As for previous models [7, 8] , the example in Fig. 3 (a) illustrates that the higher folding-rate diversity of the SRIM relative to the LRIM is underpinned by the SRIM's higher degree of folding cooperativity. The overall folding-unfolding barrier along the simulated equilibrium free-energy profile is significantly higher for the SRIM than for the LRIM, and the barrier for the modified SRIM is even higher. This higher folding cooperativity of the modified SRIM relative to the SRIM underlies the modified SRIM's larger diversity in folding rates [ Fig. 2(a), inset] . Similar to the db model [11] , the 044701-2 a These proteins are used in the inset of Fig. 2(a) . b E3/E1-binding domain of dihydrolipoyl acyltransferase.
SRIM barrier and modified SRIM barrier are shifted to a larger Q ∼ 0.7 relative to the Q ∼ 0.5 LRIM barrier [ Fig. 3(a) ], leading to enhanced populations of local native contacts in the transition state (TS) ensemble [ Fig. 3(b) ]. Because our model folding rates are simulated at each model protein's respective midpoint temperature T m , it is pertinent to note that the significantly higher folding-rate diversity of the SRIM relative to the LRIM is not merely a consequence of the different spread of T m values between these two classes of models. Among the 52 model proteins we study, T m for LRIM ranges from a minimum (T m ) min = 0. m )]}. This difference is only ∼0.6 order of magnitude even if a very high value ∼15 is used for G ‡ (in the k B = 1 unit) [11] . Moreover, for the subset of 15 proteins that are simulated also using the modified-SRIM T −1 m = 0.396 is smaller than the corresponding SRIM T −1 m = 0.485 for the same subset, but the spread of modified-SRIM folding rates is larger than that of SRIM. Hence, as stated above, the SRIM models' higher diversity in midpoint folding rates is mostly a reflection of their innate tendency to fold more cooperatively.
In summary, the above results show that attractive ranges of pairwise nonbonded interactions only moderately shorter than those in common coarse-grained protein models are sufficient for behaviorial trends similar to those observed experimentally. In addition to highlighting the often underappreciated fact that appropriate spatial ranges are critical in the design of model protein potentials, our finding has several fundamental implications: First, inasmuch as pairwise attractive ranges are sufficiently narrow, many-body interactions [7] [8] [9] are not necessary for (though they can add to) proteinlike cooperativity. Second, an apparent tradeoff exists between sequence specificity and attractive interaction range with regard to folding cooperativity. For our highly specific native-centric models, the attractive ranges need not be very narrow to exhibit proteinlike behaviors. In contrast, for a homopolyer of similar chain length and monomer size, the range of the nonspecific attraction needs to be several times narrower to achieve proteinlike two-state coil-globule transition [21] [ Fig. 1(b) ]. Third, db [10] [11] [12] 15 ] provides a physical basis for the moderately narrow attractive range needed for cooperative protein folding. Our results indicate that the main contributing feature in db potentials to folding cooperativity is the narrow attractive range rather than the positive barrier heights, which can often be quite low as revealed by atomic simulations [11, 12] . In this light, how can the extremely narrow attractive ranges needed for two-state homopolymer transition be realized physically is an interesting question. More broadly, it will be instructive to explore how other restrictions on favorable intraprotein interactions, such as the angular restrictions in hydrogen bonding [56] , might contribute to folding cooperativity and rate diversity. Recent advances in atomic simulations [16, 19] offer exciting prospects in this regard. 
